Abstract-In many Dutch freshwater wetlands, concentrations of sulfate in the surface water and groundwater have increased. It is especially in peaty areas that this can lead to problems, including the reduction of sulfate to toxic sulfide. Our aquarium experiments showed that even low sulfide concentrations of 50 mol/L are toxic to the freshwater macrophyte Nitella flexilis and the freshwater oligochaete Ophidonais serpentina. Sulfide toxicity can be modified by the availability of free iron in soil moisture or sediment from iron-rich groundwater discharge. The iron precipitates the sulfide, thereby immobilizing it and decreasing its toxicity. However, iron itself can be a toxicant as well. We found a detoxifying effect of moderate iron concentrations on sulfide toxicity, as well as a toxic effect of high iron concentrations on the growth of Potamogeton acutifolius. At the intermediate range, the formation of metal sulfides can simultaneously decrease metal and sulfide toxicity. Results of the experiments are discussed in relation to hydrological changes in freshwater wetlands.
INTRODUCTION
Increased atmospheric sulfur input has led to higher sulfur concentrations in many freshwater wetlands all over the world. Sulfate pollution in Dutch freshwater wetlands is above the global average, mainly as a result of the inlet of sulfate-enriched river water to compensate for seasonal water shortages [1] . In addition, peat digging, peat settlement, and desiccation have caused brackish peat and marine clay deposits to surface, causing a large additional input of sulfate in formerly marine regions. This increased sulfate input, combined with anaerobic conditions and an excess of readily degradable organic matter, can result in very high sulfide production, resulting in concentrations up to 3,000 mol/L ( [2, 3] ; ftp://ftp.science.ru.nl/ pub/ecologie/Publications/rapportWaterland.pdf). Increased sulfide concentrations can cause several kinds of toxic effects in aquatic plants, like root decay [4, 5] , reduced growth [6, 7] , or even mortality [8, 9] at free sulfide concentrations between 10 and 1,400 mol/L.
Sulfide is also toxic to aquatic invertebrates because it blocks anaerobic respiration by inhibiting the mitochondrial cytochrome c oxidase [10, 11] . Free sulfide concentrations have been shown to be toxic to several freshwater invertebrates at levels between 0.7 and 33 mol/L (for a review, see Wang and Chapman [2] ).
Another effect of sulfide on plant growth is caused by the replacement of phosphate at iron binding sites. This process (called internal eutrophication) can lead to severe eutrophication of wetlands with a high sulfate input without additional (external) phosphate input [1, 9, 12, 13] .
Under sulfate reducing conditions (low redox potential), all iron is dissolved. In the presence of sulfide, however, iron will precipitate with sulfide, forming highly insoluble iron sulfides (FeS, FeS 2 , or pyrite) or metal sulfide complexes, thereby re-* To whom correspondence may be addressed (m.vanderwelle@science.ru.nl).
ducing sulfide toxicity [2, [13] [14] [15] [16] . Because these metal sulfides are insoluble, their formation decreases sediment toxicity by reducing both free sulfide and free metal concentrations [2, [17] [18] [19] [20] [21] . In areas in which iron-rich groundwater is discharged, iron sulfide precipitation usually keeps free sulfide concentrations low, despite increased sulfate concentrations in the water layer [22] . This is in strong contrast to marine or brackish environments, where iron availability is usually much lower. In freshwater wetlands, iron is expected to play an important role in controlling sulfide toxicity.
However, iron itself can also be toxic to aquatic plants if present in high concentrations. High (free) iron concentrations in pore water have been shown to cause necrotic leaf spot development and increased iron plaque formation on roots of Glyceria fluitans [23] . Plaque formation on roots has also been found for Stratiotes aloides, resulting in premature death of the roots [5] . This suggests a complex interaction between these two potentially toxic substances (sulfide and iron).
In this study, we tested sulfide toxicity to the common freshwater macrophytes Nitella flexilis and Potamogeton acutifolius and the tubificid Ophidonais serpentina, focusing on the ability of sulfide and iron to modify each other's toxicity in freshwater ecosystems. On the basis of the results of these experiments, we discuss the implications of sulfur pollution and hydrological changes for wetland functioning.
MATERIALS AND METHODS

Soil collection
For the first experiment, we collected underwater sediment originating from an isolated, shallow pond in a peatland area at the Weerribben National Park (Giethoorn, The Netherlands 52Њ48ЈN, 5Њ58ЈE). This sediment consisted of moderately to strongly decomposed fen peat and included spores of N. flexilis (Characeae, smooth stoneworth) and specimens of the oligochaete O. serpentina (Oligochaeta, Naididae) (initial numbers Table 1 . Chemical characteristics of the soils used for the experiments as measured in the field before soil collection. Values are averages in field soil moisture samples or soils (n ϭ 12 for Jisp, The Netherlands, and n ϭ 2 for Weerribben, Giethoorn, The Netherlands) Table 1 . Field samples of soil moisture and the water layer were taken. The sediment was transported anaerobically to the laboratory and mixed carefully. Anaerobic conditions were checked after two weeks of acclimatization, before the start of the experiments. Redox potentials were below Ϫ150 mV during the entire experiment, and all nitrogen was present as ammonium (nitrate below detection level, data not shown). Glass containers (ϳ10 L) were filled with about 3 L of sediment and 6 L of surface water ( Table 2 ). The artificial surface water was supplied continuously with peristaltic pumps at such a rate that the solution was refreshed once a week. The containers were put in a water bath that was kept at a constant temperature of 16ЊC. Light was supplied by five 400-W lamps (HPI-T, Philips, Eindhoven, The Netherlands) at a constant flux of 750-900 mol/m 2 /s in a 14:8 h light:dark cycle.
In each container, a 10-cm soil moisture sampler (Rhizon Soil Moisture Sampler, Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands) was placed to collect pore-water samples. Pore water was collected every month by connecting 50-ml syringes to the samplers. The first 5 ml collected were removed from the syringes to exclude stagnant water. After acclimatization for 2 d, soil moisture samples were taken from each container.
Setup of experiment 1: Sulfide toxicity
Twelve containers were filled with the sediment as described above and randomly divided into three groups of four aquaria each, treated with no (control), low (final concentration ϳ50 mol/L), or high (final concentration ϳ500 mol/L) sulfide concentrations. The appropriate amount of sulfide solution (300 mmol/L Na 2 S, pH adjusted to 7-7.5) was injected into the soil once a week with a burette with attached needle. The distribution of sulfide over the aquarium was checked by measuring sulfide concentrations at several locations in the aquarium with a microelectrode (Microscale Measurements, The Hague, The Netherlands). No spatial differences were found, and we therefore assumed an even spatial distribution of sulfide.
We measured sulfide toxicity to O. serpentina, specimens of which were included in the collected sediment and occurred in all of the containers, and to N. flexilis that had germinated in all of the containers. Every week, the numbers of N. flexilis shoots and O. serpentina individuals that were visible at the surface were counted.
Setup of experiment 2: Interactions between iron and sulfide toxicity
Sixteen containers were filled with sediment as described in the setup for experiment 1 and were treated once with four levels of ferric iron chloride (Fe 2ϩ : 0, 25, 50, and 100 g Ϫ Cl 2 Fe/m 2 or 0, 0.45, 0.90, and 1.79 mol/m 2 ) in four replicates to establish a series of sulfide and iron concentrations. Sulfide was injected weekly into the sediment as previously described to keep its concentrations at about 500 mol/L in the soil moisture. The 50-g Fe/m 2 condition was regarded as a control situation because the sulfide concentrations in this treatment were reduced to almost zero, whereas the iron concentrations were comparable to those found in the field at locations in which the test species P. acutifolius (Potamogetonaceae, sharp-leaved pondweed) occurs naturally (50-3,000 mol/L), [24] .
Potamogeton acutifolius plants were collected from a ditch in Westbroek, The Netherlands (52Њ9ЈN, 5Њ6ЈE), and three individuals were planted in each aquarium, with similar total fresh weights per aquarium. The number of leaves, total length, and number of roots were determined for all plants. Five plants were kept apart to determine their water content.
Chemical analyses
Soil moisture samples were taken every month as previously described. Subsamples were used to determine pH and alkalinity of the pore water. Alkalinity was calculated with a pH meter (PHM82; Radiometer, Copenhagen, Denmark) from the volume of 0.1 mol/L HCl needed to titrate the sample to pH 4.2. Citric acid (0.125 g/L) was added to the remaining subsample to prevent precipitation of metal ions, and the samples were kept at Ϫ20ЊC until further analysis. Nitrate, ammonium, and phosphate were determined with autoanalyzers (type AA II, Technicon Instruments, Tarrytown, NY, USA) [9] . Potassium, sodium, and chloride were determined with a flame photometer (FLM3 Flame photometer, Radiometer) [9] . Other elements were determined by inductively coupled plasmaatomic emission spectrometry, Spectro Analytical Instruments, Kleve, Germany) [9] .
Sulfide concentrations were measured in anaerobic soil moisture samples with an ion-selective electrode (Orion type Environ. Toxicol. Chem. 25, 2006 M.E.W. van der Welle et al. 94-16A, Orion Research, Cambridge, MA, USA). Before the measurements, 10 ml of soil moisture was mixed with 10 ml of sulfide antioxidant buffer solution. In situ sulfide concentrations were also measured weekly with ion-specific microelectrodes (Microscale Measurements) to check the target concentrations for experiment 1. Aboveground and below-ground parts of the plants were collected separately, dried, and weighed. The dried plant samples were ground with liquid nitrogen and destroyed by means of HNO 3 -H 2 O 2 destruction in a Milestone destruction microwave (type MLS 1200 mega, Milestone, Sorisole, Italy) and analyzed for total P and Fe concentrations (ICP). From each plant, 0.50 g of fresh leaf material was used to determine chlorophyll concentrations. Chlorophyll a (Chl a) and b (Chl b) and carotenoid concentrations were determined by extracting 0.5 g of freshly ground leaves with 96% ethanol for 24 h in the dark and measuring the extinction of the extracted solution at different wavelengths [25] .
Statistical Analyses
All data are presented as averages Ϯ the standard error of means. All statistical analyses were performed with SPSS for Windows (Ver 10.0, 2000, SPSS, Chicago, IL, USA.) We tested for statistical differences between treatments by one-way analysis of variance (ANOVA) (Tukey's post hoc test). Multiple t tests were used to compare the effects of treatments with the control condition. Spearman's correlation coefficient was used to test the effect of sulfide treatment on the chlorophyll content of N. flexilis. Curve fit (quadratic) was used to test whether the observed optimum effect of iron addition on the dry weight and the number of leaves was significant.
RESULTS
Experiment 1: Sulfide toxicity
Anaerobic injection of sulfide in the sediment was found to be an easy and effective way to create increased sulfide concentrations in the soil, although the injection had to be repeated every week to maintain relatively constant sulfide levels. The measured concentrations deviated less than 20% from the target concentrations of 50 (low) or 500 (high) mol/ L. Because we adjusted the pH of the injected Na 2 S solution, there was no difference in pH between the treatments.
Phosphate concentrations in the soil moisture increased when sulfide was added. At the end of the experiment, the phosphate concentrations had increased significantly, from 0.1 to 0.9 mol/L in the high treatment (ANOVA, p Յ 0.000, data not shown). In the control and low treatments, phosphate concentrations increased to 0.3 only (not significant).
The total concentration of Chl a plus Chl b in N. flexilis increased with the sulfide level (data not shown). Chlorophyll concentrations in the plants and phosphate concentrations in the soil moisture both increased as a result of sulfide addition. We found an optimum response of chlorophyll concentrations in the plant to increasing phosphate concentrations in the soil moisture (quadratic regression, r 2 ϭ 0.64, p ϭ 0.016, data not shown).
The relative increment in the number of shoots of N. flexilis plants decreased significantly with increased sulfide concentrations in the soil (Fig. 1) . Marked toxicity occurred even in the lowest treatment (50 mol/L sulfide), and no significant difference was found between the low and high treatments.
The numbers of O. serpentina decreased significantly faster when sulfide was added (Fig. 2) . Whereas the numbers of O. serpentina increased in the control treatment, they remained equal or even decreased in both sulfide treatments (no difference between 50 and 500 mol/L).
Experiment 2: Interactions between iron and sulfide toxicity
Free iron concentrations in the soil moisture were increased by the iron injections. In the highest treatment, iron concentrations were around 37 mol/L. Sulfide concentrations increased sharply after the first addition of Na 2 S in the control treatment without iron addition, and sulfide concentrations remained high during the whole experiment (Fig. 3) . Addition of 25 and 50 g Fe/m 2 resulted in sharply decreased average sulfide concentrations of 43 and 49 mol/L, which gradually increased toward the end of the experiment as free iron was depleted from the sediment.
Apart from decreasing sulfide concentrations, the iron addition also resulted in decreased concentrations of phosphate in the soil moisture through the formation of iron-phosphate complexes. The phosphate concentrations decreased with increasing iron addition from 13 (0 g/m Fe) to 6, 6, and 1.5 mol/L, for 25, 50, and 100 g Fe/m 2 , respectively (data not shown). Figure 4 shows the effect of the addition of different amounts of iron on the growth of P. acutifolius. Iron addition up to 50 g/m 2 (39 mol/L) resulted in an increase in dry weight and the number of leaves (data not shown, no significant differences between treatments), whereas addition of 100 g Fe/ m 2 (127 mol/L) resulted in a significant decrease in dry weight compared with plants with 50 g Fe/m 2 , which we defined as the control treatment (t test, t ϭ 4.32, df ϭ 3, p ϭ 0.023). Overall, there was a significant optimum effect of iron addition on the relative dry weight increment (quadratic regression, r 2 ϭ 0.449, p ϭ 0.021, data not shown).
All treatments showed a marked decrease in root biomass, but no differences in root biomass were found between treatments. Nutrient concentrations in the plants, including iron and phosphorus, were not affected by the different treatments and did not differ from reference values.
DISCUSSION
Increased sulfide concentrations reduced the growth of N. flexilis even at 50 mol/L, which is a lower value than reported in most of the literature. Sulfide is a strong phytotoxin that has been shown to reduce growth and cause root decay and sometimes even death in several aquatic plants [4] [5] [6] [7] [8] [9] . High concentrations of sulfide have been shown to decrease the vitality of S. aloides [1] and the growth of P. acutifolius [14] because of sulfide toxicity. Other studies have found sulfide toxicity in Phragmites australis [4, [26] [27] [28] . Nitella flexilis is usually found in habitats with low concentrations of sulfate in the soil moisture [24] . It is therefore not remarkable that even low sulfide concentrations led to reduced growth in our experiments.
Phosphate concentrations in the soil moisture increased 10-fold in the highest sulfide treatment. This is probably the result of replacement of phosphate from iron (hydr)oxide complexes by sulfide, which is often found at anaerobic locations with a high sulfate supply [1, 8, 9, 12] . Although phosphate availability in our experiment increased, phosphorus (P) concentrations in the plants were not affected. Because the growth of wetland plants is often limited by P [29, 30] , one would expect growth to be stimulated by increased phosphate concentrations. However, this was not likely to be the case for N. flexilis and P. acutifolius because no differences in tissue P concentrations were found between treatments. This indicates that despite the lower phosphate concentrations, there was still sufficient P available for plant growth. Similar effects were found in a previous study (E. Van der Welle, unpublished data).
Sulfide toxicity can work either through direct toxicity or through iron deficiency because iron is bound to sulfide and is thereby immobilized. Because our tissue analyses did not show any differences in iron concentrations in N. flexilis and P. acutifolius, iron deficiency was not very likely. The observed increased chlorophyll concentrations could be an indirect effect of reduced growth, which causes chlorophyll to become more concentrated. Although both chlorophyll and P concentrations in the plants tended to increase (although not significantly), sulfide toxicity dominated the response of the plants to the treatments.
Ophidonais serpentina (Naididae) is a very common species in Dutch wetlands, which is reported to occur in waters with a relatively high vegetation cover [31] . Like most aquatic oligochaetes, it regularly occurs in almost all types of water and can reach high densities even in polluted waters. According to Verdonschot [32] and Chapman et al. [33] , aquatic oligochaetes could be indicative of a variety of environmental factors, like phosphorus concentrations in the water layer [31] and the presence of organic pollutants (e.g., [33, 34] ).
Freshwater oligochaetes like Tubifex sp. and Alma emini are highly tolerant of high sulfide concentrations thanks to various mechanisms of detoxification or avoidance [35] [36] [37] . The tail-waving behavior of freshwater tubificid species in the water layer above the sediment is an important mechanism to increase oxygen supply [38] . In addition, tubificid species are known to be able to switch to anaerobic respiration, at least for a certain period of time.
In marine environments, oligochaetes are among the pioneer species in anoxic, sulfidic environments [39, 40] . In these environments, anoxia is usually associated with increased sulfide concentrations because of high concentrations of sulfate in the seawater. and detoxification are found in these environments [39, 40] . Giere et al. [40] described that even at low sulfide concentrations (30 mol/L), the marine oligochaete Tubificoides benedii switched to anaerobic metabolism. For the freshwater Tubifex sp., this could occur at even lower sulfide concentrations because they have a lower threshold value for oxygen (about six times lower) than the marine species T. benedii [40] . Sulfide concentrations between 0 and 100 mol/L are quite common in Dutch freshwater wetlands [3] . In our experiment, we found a significant effect of sulfide on O. serpentina in both low and high sulfide treatments (50 and 500 mol/L). Apparently, sulfide is toxic to the animals even at relatively low concentrations. However, we still found some O. serpentina in most of the aquaria, at least in the 50 mol/L treatment. This is probably related to the above-mentioned detoxification and avoidance mechanisms. Because the water layer above the sediment was not completely anoxic, the animals were probably able to obtain their oxygen, or part of it, from the water layer. The large variation in numbers of O. serpentina is probably caused by a combination of sediment heterogeneity and subsequent generations of the oligochaetes, which need time to develop to a size that is visible to the eye.
One of the key factors in the regulation of sulfide toxicity is the availability of free iron. The decline of many rooting aquatic macrophytes in The Netherlands is associated with increased sulfate levels in surface water and decreased iron levels in sediment pore water [13] . In our experiments, iron chloride addition, mimicking iron supply by anaerobic groundwater, resulted in strongly reduced sulfide levels in sediment pore water as sulfide precipitates with iron to form insoluble iron sulfides (FeS, FeS 2 ). Simultaneously, we found that phosphate concentrations decreased as well. When all sulfide has precipitated, phosphate also becomes bound to iron and is thus immobilized. However, if sulfide is supplied continuously by sulfate reduction, this phosphate can be remobilized [1, 9, 12, 13] . Previous experiments by Smolders et al. [14] showed similar decreasing sulfide and phosphate concentrations as a result of iron addition. They also found that the addition of 75 g/m 2 Fe 2ϩ stimulated the growth of P. acu-Ϫ Cl 2 tifolius as a result of reduced sulfide concentrations.
We suggest that at low iron concentrations, sulfide toxicity depresses plant growth, whereas at high iron concentrations (with sulfide bound to iron), iron is the main factor depressing plant growth. At intermediate concentrations, both phytotoxins are controlling each other's concentrations through precipitation of iron sulfides, thereby detoxifying each other.
A study by Lamers et al. [41] found that sulfide accumulation in sulfate-polluted freshwater wetlands was completely controlled by the availability of (free) iron. We found that the addition of larger amounts of iron chloride seemed to cause a shift from sulfide toxicity to iron toxicity.
Our experiment showed that sulfide toxicity to freshwater macrophytes and macrofauna occurs even at low concentrations, which are very common in Dutch freshwater wetlands. Sulfide and iron show a strong interaction, modifying each other's toxicity. A decrease in free iron concentrations, combined with increased sulfate reduction as a result of anthropogenically altered hydrology (e.g., increased drainage or artificially regulated surface water levels) will stimulate sulfide toxicity and eliminate iron as a possible growth-controlling factor in wetlands that were originally rich in iron. Both mechanisms are expected to strongly influence species composition in sulfate-polluted freshwater wetlands.
